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1. Abstract:
Poly(lactic acid) (PLA), a well-known biopolymer, is lacking in barrier properties and toughness.
The research goal of this project is to look at the crystallinity of PLA when combined with metal
organic framework (MOF). It is speculated that MOF has an effect on PLA chain mobility, and
therefore crystallinity. In this study, aluminum MOF was added to PLA in varying
concentrations (0, 0.5, 1, 2, 5, 10, and 20 wt.%) to observe the crystallinity of the composite. The
resulting PLA-Al-MOF composite films were characterized using scanning electron microscopy
(SEM), Fourier transform infrared (FTIR) spectroscopy, differential scanning calorimetry (DSC),
and X-ray diffraction (XRD). SEM was used to characterize the PLA-Al-MOF interfacial
adhesion. DSC and FTIR showed a decrease in crystallinity with increasing MOF content, while
XRD revealed a crystallinity average of 20.43% with no statistical difference among samples.
Overall, lack of correlation between data obtained from the different characterization methods
led to inconclusive results. It is recommended that future investigators use polarized light
microscopy (PLM) as it is a direct measure of crystallinity and thermally process the samples to
mimic DSC conditions before performing XRD to help solidify a more concrete correlation
between MOF and PLA crystallinity.

Keywords: poly(lactic acid), metal organic framework, aluminum, solvent casting, crystallinity,
biomaterials, composites, packaging
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2. Introduction:
Petroleum-based polymers that are commonly utilized in packaging, automotive, and aerospace
industries can require environmentally-hazardous processing such as petroleum extraction and
refinement, as well as unsustainable waste disposal techniques. Most petroleum-derived
polymers are non-biodegradable and are disposed of either in landfills or through recycling
programs. The sustainability issues surrounding petroleum-based polymers have guided
researchers towards using alternative polymers in industries such as packaging. Poly(lactic acid)
(PLA) has received recent attention in the packaging industry for its sustainable, biodegradable
properties. PLA is a biopolymer which can be sourced from corn and sugar beets [1, 2];
however, upon researching the crystallization kinetics of PLA, it was found that neat PLA (PLA
with no additives) has low crystallinity, which gives the polymer poor strength and gas barrier
properties [2]. Even though PLA has poor gas barrier properties, its improvement on toughness
through the introduction of metal organic framework (MOF) will be the main scope of this senior
project.

2.1 Broader Impacts:
The majority of today’s packaging industries use petroleum based polymers such as polyethylene
(PE), polyethylene terephthalate (PET), polypropylene (PP), and polystyrene (PS) [3]. One of the
biggest concerns with these materials is that they are nonrenewable. This problem has driven
manufacturing companies to find bio-based, compostable alternative polymers like PLA;
however, its brittle nature deters it from a desired commercial packaging application [4]. Many
researchers are trying to combine MOF with PLA as a means to toughen the polymer, but how
does this potential disruptive technology compare to its global, societal, environmental, and
economic impacts?

The #1 trash-producing country in the world is the United States. Furthermore, packaging
material makes up about one-third of an average dump [5]. Converting to PLA-MOF composite
packaging could potentially alleviate our current waste problem. PLA is biodegradable,
compostable, and could be recyclable, so consumers could simply place this alternative form of
packaging in a compost bin instead of contributing to the ever-growing landfill [6]. With a
technology such as this, ethics is transcended beyond the producer to the consumer. Now, the
4

consumer must be able to perform his or her ethical duty, consequently raising a larger question:
How do you influence society as a whole to convert to composting?

Each year, about 1200 pounds per capita of organic garbage that could be composted is simply
thrown out [5]. It is imperative to use a compost system due to the landfill’s current inability to
provide the proper conditions (sun and heat) for the bio-plastic to decompose [6]. Also,
unappealing backyard décor, foul smells, and lingering pests are some negative stigmas
surrounding composting [7]. It will take a major movement to try and erase these stigmas so
more people can make the switch; however, knowing that composting can reduce greenhouse
gases in our atmosphere as well as reduce our landfill can help motivate society, but there is no
guarantee.
A life cycle assessment can be used to determine a material’s environmental impacts associated
with its life (from cradle to grave). According to Cargill Dow LLC, they have developed a PLA
process that 1) prevents pollution at the source by using lactic acid produced by natural
fermentation, 2) substitutes annually renewable materials for petroleum based feedstock, 3)
avoids the use of solvents or other hazardous materials, 4) recycles product and by-product
streams, and 5) uses catalysts to reduce energy consumption and to improve yield. Their PLA
uses 20%-50% less fossil fuels than commercially available plastic resins, meaning, that up to 2
to 5 times more PLA can be produced with the same amount of fossil fuels [8].

Carbon dioxide is one of the leading greenhouse gases that contributes to climate change. It can
be used as an indicator for PLA’s environmental footprint. PLA has a low impact on CO2
emission since CO2 generated during its biodegradation is balanced equally by the amount of
CO2 taken from the atmosphere from plant feedstock growth6.

From an economic standpoint, it is imperative to analyze how this innovative technology would
fair against the already established petroleum market. In 2010, about 2.7% of US petroleum
consumption was mainly used to make plastic products [9]. That number may not raise any
concerns, but it is the equivalent of 191 million barrels [9]. Can PLA-MOF composites truly
challenge this industry?
5

Even though PLA can be extracted from cheap, raw materials like corn, it cannot compete with
the much cheaper production costs of petroleum-based products. Manufacturing PLA at an
industrial scale can have costs greater than $2/lb; however, cost-efficient PLA manufacturing
methods are currently being investigated [10]. As for MOFs, there are a limited number of
distributers currently supplying this technology to consumers. This narrow market allows for
increased pricing. For example, Sigma Aldrich [11] can ship 10g of Basolite Zinc-1200 MOF for
$340.50. It is important to note, however, that the commercialization of MOFs is still in the early
stages. It is difficult to foresee if a technology such as this will successfully take off, but the need
for it is present.

With limited MOF knowledge, it is difficult to address and analyze its long-term effects. The
idea is to compost all PLA-MOF packaging, but once it has been degraded, what becomes of the
metal ions within the polymer matrix? What effects will these ions have on soil and consequently
on future crops? The manufacturing company has the ethical responsibility to study all
implications regarding this new technology before being commercially available.

2.2 Literature Review:
2.2.1 Poly(lactic acid):
PLA (Figure 1) is a bio-based polymer that was first developed by Carothers in 1932 and later
refined by DuPont and Ethicon [12]. It is made from 100% renewable resources like corn and
sugar beets, making it compostable and biodegradable [13]. These properties, along with high
strength, modulus, and clarity make it a desirable polymer for packaging applications; however,
its low crystallinity and poor toughness limits its breadth for possible applications [14]. As a
packaging polymer, PLA must also compete with the already established, and inexpensive,
petroleum-based polymer industry.
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Figure 1. Poly(lactic acid) chemical structure.

2.2.2 Fabrication of PLA:
PLA is manufactured through the polymerization of the lactic acid (LA) monomer, which is
synthesized through bacterial fermentation of carbohydrates like corn dextrose [14]. Today, the
most common genus of bacteria used is Lactobacilli due to its high rate of LA yield. LA can be
obtained through either a heterofermentative or homofermentative process. Auras et al. states the
heterofermentative process yields less than 1.8 moles of LA per mole of hexose, while also
producing a significant amount of metabolites (i.e. ethanol, glycerol); however, the homofermentative process yields an average of 1.8 moles of LA per mole of hexose, but significantly
less metabolites [1]. The latter process is performed in environments of pH 5.4-6.4, temperatures
between 38-42°C, and low concentrations of O2 [1]. Ultimately, fermentation produces two
active enantiomers: L (+) and D (-) lactic acids (Figure 2).

Figure 2. L-lactic and D-lactic acid chemical structures.

High molecular weight (HMW) PLA can be synthesized through direct condensation
polymerization, azeotropic dehydrative condensation, or polymerization through lactide
formation, also known as ring opening polymerization (ROP) (Figure 3) [1]. Direct condensation
polymerization is the least expensive, but has difficulties yielding solvent-free HMW-PLA. In
7

order to mitigate this issue, chain coupling agents are introduced. Unfortunately, this increases
the overall cost and makes the synthesis process more arduous. Synthesis via azeotropic
dehydrative condensation can produce HMW-PLA without the addition of coupling agents;
however, catalysts and diphenyl esters are added in order to dry the water that is produced via
this synthesis process [1]. The polymer has to be dried from the solvent using these agents,
thereby creating excess labor, cost, and production wait time.

Figure 3. HMW-PLA synthesis methods, including direct condensation polymerization (top), azeotropic
dehydration (middle), and polymerization through lactide formation (bottom).

Polymerization through lactide formation, patented by Cargill, Inc. in 1992, is the most widely
used method to produce HMW-PLA today (Figure 4) [1]. After dextrose has been fermented, Llactic acid, D-lactic acid, or a combination of the two are prepolymerized to yield low to
intermediate molecular density PLA. It is then catalytically converted, under low pressure, to a
mixture of lactide stereoisomers where condensed LA dimers are combinations of L-lactic acid
or D-lactic acid molecules. L-lactide arises from two L-lactic acid molecules, D-lactide is formed
from two D-lactic acid molecules, and meso-lactide is synthesized from one of each (Figure 5).
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Figure 4. Cargill, Inc. PLA production process.

Figure 5. Chemical structures of L-lactic, D-lactic, or meso-lactic acid.

Vacuum distillation is then performed before ROP of the lactides to yield HMW-PLA. ROP can
be initiated by methyl trifluoromethanesulfonic acid or trifluoromethanesulfonic acid (triflic
acid) (cationic), or through nucleophilic reaction of the anion with carbonyl with subsequent acyl
oxygen cleavage (anionic). After ROP, optically pure, HMW-PLA is produced.

2.2.3 PLA Properties:
There are a number of properties of PLA that make it an ideal replacement for petrochemical
polymers: environmentally-friendly, biocompatible, good processability, and energy efficient. As
previously stated, PLA is also biodegradable, compostable, recyclable, and sourced from
renewable, raw materials. Its production uses 25-55% less energy than the most common
petrochemical polymers. Also, compared to other polymers, like poly(ethyele glycol) (PEG),
PLA has a greater thermal processability, allowing it to be injection molded, film extruded, blow
molded, thermoformed, fiber spun, and film formed [15].
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Melting point, glass transition temperature (Tg), mechanical properties, and crystallinity are all
determined by PLA's stereochemical backbone and molecular mass [1]. Pure polylactides are
semi-crystalline polymers comprised of only poly (L-lactide) or poly (D-lactide). These
polymers have a melting point of around 180°C [16]. Amorphous PLA consists of meso- or DLlactide. Because the proportion of L- and D-lactide can vary within a specific PLA polymer, it
has a wide range of thermal and mechanical properties. Its Tg can range from 50°C to 80°C,
while its melting temperature can vary between 130°C and 180°C [14]. Table I provides
experimental data for some physical properties of PLA [17].

Table I. Experimental Data for PLA [17]
Property

PLA Measured Value

Tg (°C)

62.1 ± 0.7

Tm (°C)

150.2 ± 0.5

ΔHcm (J/g)

93

Percent Crystallinity (Xc)

29.0 ± 0.5

Oxygen Permeability Rate (kg m m-2 s-1 Pa-1)

4.33 E-18 ± 1.00E-19

Water Vapor Transmission Rate (g m-2 day-1)

15.30 ± 0.04

Water Vapor Permeability Rate (kg m m-2 s-1 Pa-1)

1.34E-14 ± 3.61E-17

PLA's presented crystalline value is an important characteristic to delve further into. It is known
that tailoring PLA with specific combinations of L and D stereoisomers affects the crystallization
kinetics of the polymer [1]. Furthermore, the degree of orientation of the stereoisomers found
within the PLA backbone highly influences the polymer's strength. Stereoregularity of the
polymer chains increases its toughness due to a greater Van der Waals force in the crystalline
regions [1]. Additionally, the increased crystalline regions create a difficult path for molecules to
permeate through the polymer film, adversely affecting its oxygen and water moisture
permeability. PLA's crystallinity defines its mechanical and thermal processing properties,
which effectively determines its use in applications like packaging.

10

2.2.4 PLA Crystallinity:
Fluctuations in temperature and flow during processing can greatly influence the crystalline
structure of PLA [18]. PLA usually crystallizes in the stable, orthorhombic α-form [4]; however,
β-form and γ-form are known to exist, as well as the recent discovery of α`-form [18, 19]. The
different forms refer to the space group pattern between the chains upon crystallization; the form
it takes depends on the preparation conditions of PLA. PLA has slow crystallization kinetics
compared to other packaging polymers: it has a crystal growth rate of about 6 µm/min compared
to PP at 20-30 µm/min and PE around 1000 µm/min [3]. The slow crystal growth rate of PLA is
due to the shorter length and stiffness of the primary chains, which makes it difficult for chain
alignment and secondary bonding to occur.

Even after any practical processing, PLA exhibits very low crystallinity, which ranges from
completely amorphous to 40% crystallinity [14]. While its low crystallization rate makes PLA
desirable for biaxially oriented films or stretch-formed bottles, its low Tg at this rate limits its use
for other applications [10]. Therefore, PLA with high crystallinity is desired not only for its
biodegradable, renewable and food-safe properties, but for improved mechanical performance as
well.

2.2.5 PLA Toughening:
An increase in a polymer's crystallinity is directly associated with an increase in its toughness.
There are numerous mechanisms to toughen PLA, including plasticizers and adsorbents like
zeolites and mixed matrix membranes (MMM).

Plasticizers are introduced to lower the Tg, increase ductility, and improve overall processibility
through proper selection of molecular weight, polarity, or end groups [15]. Common plasticizers
include lactide, glycerol, and PEG. Plasticizers increase chain mobility which effectively lower
PLA's Tg and improve its crystallization rate by reducing the energy required for chain folding
[20, 21]. Additionally, these additives reduce the rigidity of the polymer's structure allowing for
a greater deformation to take place before fracture [22].
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Zeolites are crystalline nanostructures with pores ranging from 3-15 Å with their main
building blocks being SiO4 or AlO4 tetrahedra. Other elements can be substituted in place of
aluminum and silicon allowing for 800 different possible crystalline structures. Currently,
zeolites are being introduced into active packaging, which require constant oxygen consumption
and exchange in packaging headspace to help prevent fresh produce deterioration [23]. These
fillers create new nucleation sites within the polymer's matrix thus increasing its crystallinity and
effectively its toughness [21].

Even though zeolites are a promising technology, they are difficult to process and expensive to
fabricate [24]. Because their surfaces are fragile and can be plagued by cracks MMM have
become an alternate membrane technology. MMMs are a blend of inorganic particles, which act
as the dispersed phase within a polymer matrix (Figure 6) (typically polydimethylsiloxane,
polysulfone, and polyethylene oxide), usually synthesized through the following ways [24]:


Particles are dispersed into a solvent for a given amount of time; the polymer is the added



The polymer is dissolved into the solvent and stirred; a certain mass of particles is then
added



The particles and polymer are dispersed in different solvents; the particle suspension is
then poured into the polymer solution.

It is important to select specific porous particles with a compatible polymeric matrix to achieve
the best properties for a given application. Zeolites are the most frequently used particles within
polymeric membranes; however, an excessive concentration of these particles leads to surface
sedimentation and an increased probability for void formation during membrane fabrication [25].
Surface modification through the addition of silane coupling agents is one method of eliminating
these voids. The agents bond with the polymer chains which improve the adhesion and
compatibility of the zeolite to the matrix. Selecting the right polymer and zeolite type, such as
PLA and zeolite type 4A, can provide a void free interface altogether [22]. Using SEM, Youzay
et. al. was able to fabricate this composite and observe good interfacial interaction between the
polymer and the particles.

12

The addition of zeolites enhances the mechanical properties of the MMM. The composite's
mechanical properties are directly dependent on the polymer-particle interface. If the polymer
membrane and zeolite are not compatible, the matrix will be inefficient at transferring energy
from the matrix to the zeolite or filler [25]. These fillers increase the crystallinity of the
composite by acting as nucleating sites for crystal growth.

2.2.6 Metal Organic Frameworks:
Recently, there has been a greater push for MOF use due to its greater ease of synthesis, greater
surface areas, and functionality than the aforementioned technologies. MOFs are crystalline
networks of organic ligands (ions that bond to the central metal atom) that are kept together by
metal ion nodes [26]. This combination of transition metals coordinated by the organic linkages
creates a porous structure in one, two, and even three dimensions [27]. The coordination that
keeps the metals and ligand linkages together comes from the co-ordinated polymer. This term
was coined by John Bailar Jr. in 1964 in his work with iron(II)/(III) networks and cyanide
ligands. He noted that the ligands were able to connect to the center of the metal atoms, which
allowed the polymeric structure to grow. The term “metal organic framework” was not
conceived until it was first used in 1995 by Yaghi concerning his work with [Cu(4.4'bipyridine)1.5](NO3). Most notably, he made a point to clear up the confusion between MOF and
co-ordination polymer, which is that MOF is more appropriate for networks that create three
dimensional structures rather than one or two dimensional structures [26].

The first MOF that started to gain momentum in the scientific community was MOF-5 (Figure
6). It is a cubic framework structure with Zn4O links and benzene-1,4-dicarboxylate struts. MOF5 was an important discovery because it was able to keep its crystallinity after being heated to
300°C for 24 hours and had a surface area of 2900 m2/g (the largest at its time) [26].
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Figure 6. Structure showing how the inorganic node and the organic strut come together to form a metal organic
framework [28].

2.2.7 Properties of MOF:
MOFs are increasingly being sought after and researched due to their properties, primarily low
density. MOFs are a low density material because they are so porous, yet they still have high
structure stability. They exhibit larger surface areas with respect to their size and a minimal
amount of dead volume, meaning there is no loss of storage capacity. MOFs have high thermal
stability, stable pore walls, controlled porosity, affinity for specific molecules, and a flexible
structure [27]. They have no charge which eliminates the need for charge balancing counter ions
in the pores and functional groups can be added to the structure through the ligands, which are
accessible to third party molecules. Unlike zeolites, MOFs do not have walls to impede the
diffusion of other molecules that it would be mixing with. MOFs' affinity for certain molecules
allows them to be tailored for gas separation. This affinity is due to the MOF pores being lined
with both hydrophobic constituents in the ligand backbone and hydrophilic constituents in the
metal clusters which increases their sorption properties [26].

2.2.8 Synthesis of MOF:
The original method of synthesizing MOFs (MOF-5, specifically) was through diffusion of
triethylamine into a solution of zinc(II), nitrate, benzene-1,4-dicarboxylic acid – and hydrogen
peroxide in N,N'-dimethylformamide (DMF). There is now a more generalized way to synthesize
MOF-5. Instead of diffusing everything together, the focus is in the reaction of hydrated zinc(II)
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nitrate with aromatic carboxylic acids in N,N'-diethylformamide (DEF) under solvothermal
conditions.

On an industrial scale, there is currently drawbacks to the production of Zn-MOFs when trying to
synthesize and process MOFs in bulk. With zinc based MOFs, like MOF-5, Zn(NO3)2 produces
high concentrations of nitrate which is a safety hazard. With electrochemical methods of
synthesis there is still a lot of sacrificial metal electrodes required [26]. However, with Al-MOFs,
the DMF is replaced with water. Instead of using an aluminum nitrate, an aluminum sulfate is
used, eliminating the high concentrations of nitrate --one of the main risks in Zn-MOF bulk
synthesis. The actual crystallization occurs in a conventional reactor where a filter press is
applied to filtrate and wash the MOF. It is then dried with a spray dryer, ultimately producing
Al-MOF [31].

MOF particles can provide three dimensional structural stability as well as flexibility to a
material's matrix while maintaining porosity. Adding MOF to a material such as PLA, which is a
very amorphous polymer, has been found to increase its crystalline structure. This increase
would subsequently improve gas barrier properties in PLA while maintaining PLA's desirable
characteristics such as it being sourced from renewable materials and its good processibility [20,
21, 31, 32, 33].

2.2.9 PLA-MOF Composites:
An abundance of research has been collected studying the interaction between MOF and PLA
ranging from application studies, to investigations of different MOF substitutes and the
crystallization properties when solubilized in PLA. Recent experimental results revealed the
addition of oxalamide derivatives as a nucleating agent are soluble in PLA melt and capable of
self-organizing into fibrils upon cooling. The crystallization rate and crystallinity of the PLA was
significantly increased by the incorporation of 0.25−1.0 wt.% of the tailor-made oxalamide
derivatives [34].

Interaction between inorganic particles in a polymer matrix can be classified into 6 cases [31]:


Case 1: There is a perfect interaction between the filler material and the matrix
15



Case 2: There is an incompatibility between the polymer and the filler resulting in voids at
the interface



Case 3: There is a dilated interface resulting from a low density of polymer chains around the
filler



Case 4: There is a densely packed polymer zone around the filler due to strong interfacial
interactions



Case 5: There is a completely plugged interface

The cases described above show how different stresses arise during membrane formation; the
differences in membrane formation were found in this study to be influenced by preparation
conditions [35]. Another study found that individual polymer chains can sometimes penetrate
MOF particle pores as well [36], thereby restricting chain mobility and reducing the polymer
matrix's flexibility. The rigidification of such polymer chains could be seen immediately on the
outer perimeter of the MOF particle (e.g. case 3). In such a matrix it was found that as MOF
concentration is increased, chain mobility continued to decrease.

The application of focus for the PLA-MOF composite within this study is for food packaging.
This packaging composite has the properties required to affect the atmospheric conditions within
the package itself which can improve the quality of the product, by allowing it to regulate fresh
produce respiration. It can also allow for lipid oxidation, decrease the dehydration rate, and
inhibit spoilage triggered by micro-organisms or infestation by insects. Synthesizing this PLAMOF composite calls for the drying of PLA, mixing of PLA and MOF in CHCl3 (chloroform),
ultrasonicating the solution to allow the MOF to evenly disperse within the PLA on a
microscopic level and evaporating the remaining chloroform after the PLA and MOF have
mixed.

Crystallization of neat polymers is fundamentally well understood, however, the addition of an
inorganic species into the polymer increases the complexity of crystallization phenomena. Thus,
further research investigating the crystallization and properties of PLA-MOF composites using
different MOF additive is desired. Aluminum is an attractive option as a metal node because of
its low atomic mass or density. The addition of Al-MOF to PLA will theoretically yield a new
16

functional composite membrane with a greater crystallinity due to the increased nucleating sites
the MOF provides. Therefore the research question for this project is: How will the increase in
MOF concentration affect PLA's crystallinity? Different instruments will be utilized to reveal
and verify the interactive properties of PLA-MOF composite and crystallization, including,
scanning clectron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy,
differential scanning calorimetry (DSC), and X-ray diffraction (XRD).
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3. Methodology:
Figure 7 shows a superficial view of the final solvent casting procedure for our PLA-Al-MOF
composite samples. A more in-depth description for this process is given below.

Figure 7. Process schematic of solvent cast PLA with MOF. PLA and chloroform were mixed in a beaker using a
stir plate until visual dissolution of the PLA pellets had occurred. MOF concentrations were added to the beaker and
ultrasonicated. The solution was immediately poured into mold cavities in a Teflon-coated tray and covered with
perforated aluminum foil. The mold was then placed in a fume hood until the samples were deemed handleable, at
which time they were transferred into a vacuum oven.

3.1 Materials:
Poly(L-lactic acid) (PLLA) (resin grade 4043 D, 98% L-lactide) was provided by NatureWorks
LLC (Blair, NE, USA) with a weight average molecular weight (Mw) of 111 kDa, number
average molecular weight (Mn) of 84 kDa, and polydispersity index (Mw/ Mn) of 1.3. Basolite™
A100 MOF (C8H5AlO5) was provided by Sigma-Aldrich (St. Louis, MO, USA) with a surface
area of 1100-1500 m2 per gram and particle size distribution of 31.55 μm. Chloroform (CHCl3)
(anhydrous ≥ 99%) was also purchased from Sigma-Aldrich (St. Louis, MO, USA).

3.2 Dissolving PLA in Chloroform:
PLLA pellets were dried for 4 hours using a Thermo Scientific VWR Oven (Fisher Scientific,
Pittsburg, PA, USA) set at 80oC, with a negative pressure of approximately 22 inHg. Once the
pellets were dried, approximately 3g were weighed out and slowly poured into 75 mL of
chloroform. The solution was stirred for about 2 hours using a magnetic stir plate (Themo
scientific, MO: SP136424) set to 300 rpm or until all PLA pellets were dissolved.

3.3 Addition of MOF to PLA Solution:
While the PLA was dissolving, Basolite™ A100 MOF (C8H5AlO5) MOF particles were ground
up using a Green Marble Mortar & Pestle (Creative Home, Manalapan, NJ, USA) by applying
light, concentric pressure. The particles were then scooped out and weighed based on the desired
18

weight percent concentration for each solution using a Mettler Toledo Scale, Model ME54E
(Columbus, OH, USA). The solutions that were cast in this experiment all contained 3.0 g of
PLA and 0.0 wt. %, 0.5 wt. %, 1.0 wt. % 2.0 wt. %, 5.0 wt. %, 10.0 wt. % and 20.0 wt. % MOF.
Once the PLA was fully dissolved in the chloroform, the desired weight percent MOF was
slowly poured into the PLA-chloroform solution and allowed to mix at 300 rpm for
approximately 10 seconds and then ultrasonicated using a Q500 Ultrasonicator purchased from
QSonica, LLC (Newtown, CT, USA). The solution was ultrasonicated for 3 minutes using an onoff cycle: a frequency of 20,000 Hz for 3 seconds, followed by 0 Hz for 2 seconds. Ultrasonication was used for all solutions except 0.0 wt. % MOF.

3.4 Solvent Casting:
After a solution underwent ultrasonication, it was immediately poured into three mold cavities of
a PTFE-coated Good Grips Mini Muffin Pan, purchased from Oxo (Chambersburg, PA, USA).
Each percentage mass solution was designated three mold cavities in the PTFE-coated pan and
labeled with a permanent marker. Once each solution was poured into their respective mold
cavities, the PTFE-coated pan was covered with two layers of aluminum foil and taped around
the sides. One hole, approximately 3mm in diameter, was poked in the tin foil above each mold
cavity in order to control the evaporation rate of chloroform. The cast specimens were left in this
state under a fume hood until they became a solid and flexible (approximately 4 days).

3.5 Chloroform Evaporation:
The samples were then individually removed from their cavity using tweezers and transferred to
a Thermo Scientific VWR Vacuum Oven for a second stage of chloroform evaporation. The
specimens were sorted onto a silicone tray and placed in the vacuum oven with the heat setting
turned OFF and a negative pressure of approximately 22 inHg. The specimens were left in the
vacuum oven for 47 days in order to evacuate any remaining chloroform from the cast
specimens.
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3.6 Characterization:
3.6.1 Scanning Electron Microscopy (SEM):
Crushed Al-MOF and all samples were imaged using a Philips Quanta 200 SEM operated in low
vacuum mode (100 Pa) with an accelerating voltage of 12.5 kV. Samples were liquid nitrogen
fractured to reveal and image their cross sectional areas. The interface of the PLA-Al-MOF
samples was analyzed. The composition of speculated Al-MOF particles in the samples along the
fractured surface was confirmed using energy dispersive spectroscopy (EDS).

3.6.2 Fourier Transform Infrared (FTIR) Spectroscopy:
FTIR spectra was obtained on an IRAffinity-1S FTIR spectrometer from Shimadzu. Samples
were arbitrarily placed on the stage, and data was collected from 4000 cm−1 to 500 cm−1 in
reflectance mode. Spectra was then analyzed using Lab Solutions IR.
FTIR bands of interest were determined to be 3000, 1200, 920, and 865 cm−1. The 1200 cm−1
band can be attributed to C-O-C stretching. A shift from higher to lower band frequency at this
region implies an increase in crystallinity due to a transition from less ordered gauche
conformations to more ordered trans conformations [32]. The 920 and 865 cm−1 band regions can
be characterized by CH3 rocking and backbone stretching. More specifically, the 920 cm−1 peak
can be ascribed to PLLA α-crystal formation [32]. An increase in peak intensity at this region
correlates to an increase in polymer crystallinity. At the 865 cm−1 band region, shifts to higher
wavenumbers and increased peak sharpness directly associates to an increase in crystallinity
[32].

3.6.3 Differential Scanning Calorimetry (DSC):
DSC was performed using a DSC Q2000 from TA Instruments. One sample was prepared from
each specimen (three specimens per MOF concentration) using an EK Tools Heavy Duty Punch
by Simplicity Creative Group, which cuts out 1/8" diameter discs. Each sample for DSC analysis
was measured to have a mass between 5.0 mg and 10.0 mg. Three discs were used for each MOF
concentration with one disc being taken per sample. The 3 discs were enclosed in a small
aluminum pan and placed in the sample tray on the DSC. A reference pan, which only contained
air was also placed in the DSC. Each specimen was equilibrated to 0◦C, followed by
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heat/cool/heat cycle. The first cycle heated the specimen up to 175◦C at a rate of 10◦C min−1 in
order to eliminate any thermal history that could have been introduced into the polymer during
processing and storage. The specimen was then cooled to 0◦C and reheated to 175◦C to reveal the
Tg, enthalpy of cold crystallization (ΔHc), the melt temperature (Tm) and the enthalpy of melting
(ΔHm). The following equation was used to calculate the percentage crystallinity (Xc) for all
samples:
Equation 1: XC (%) =

∆Hm − ∆Hc
× 100
c
∆Hm
(1 − x)

where ΔHm is the melt temperature enthalpy, ΔHc is the enthalpy of cold crystallization, ΔHcm is
the known enthalpy of neat PLA [24], and x is the mass fraction of MOF in each sample.
Advantage Software by TA Instruments was used to find ΔHc, ΔHm, and Tg. A scatter plot of the
average percentage crystallinity and standard deviation for each mass MOF concentration was
plotted. One-way ANOVA statistical analysis was also used to determine if there was a
significant difference between weight percentage MOF concentrations.

3.6.4 X-Ray Diffraction (XRD):
X-ray diffraction analysis was performed on PLA-Al-MOF samples at 20°C using a Siemens
Diffraktometer d5000 set to 40 kV and 25 mA using Cu Kα radiation (l = 1.5418 Å). The studies
were conducted using a 1 mm primary beam slit, 1 mm anti-scatter slit, and 0.6 mm detector slit.
The X-ray scans were carried out at a speed of 1.2 degrees/minute. Scans were taken in
triplicates.

Crystalline and amorphous areas were found using Excel software and percent crystallinity was
determined by employing the following equation:
Equation 2: XC (%) =

Ac
× 100
Ac + Aa

where Ac is the crystalline area under the 2θ peak at 17° and Aa is amorphous area over the entire
scan. A one-way ANOVA statistical analysis was performed to determine significant difference
in degree of crystallinity among concentrations.
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4. Results and Discussion:
Our final cast samples show a color gradient shift from transparent, clear white to an opaque,
dark brown with increasing concentration (Figure 8). Upon closer examination of our samples, it
was evident that a settling effect had taken place whereby the MOF particles had sunk to the
bottom of the samples. Additionally, occasional agglomerates of MOF could be seen at the
higher concentration MOF samples. Neither of these observations were ideal outcomes for
samples.

Figure 8. Final cast PLA-Al-MOF composite samples.
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4.1 SEM:
Figure 9 (A-H) shows the cross-sectional areas of all composites observed under SEM. With an
increase in MOF concentration, there was an increase in what was speculated to be MOF along
the fracture surface. EDS confirmed the presence of aluminum at these regions. EDS also
revealed a presence of chlorine which can be attributed to chloroform. The presence of MOF
particles along the fracture surface was evidence that the fracture crack propagated through the
PLA-MOF interface and not through the PLA matrix (Figure 10). This revealed that MOF had
poor interfacial adhesion with PLA and effectively poor compatibility with the PLA matrix
(Case 2). The presence of chloroform may have prevented the ideal adherence of the MOF
particles to PLA.

A

B

C

D

E

F

G

H

Figure 9. SEM images of PLA-MOF composite fracture surfaces and embedded MOF: 0.0 wt.% MOF at 1504X
(A), 0.05 wt.% MOF at 1509X (B), 1.0 wt.% MOF at 1504X (C), 2.0 wt.% MOF at 1499X (D), 5.0 wt.% MOF at
1509X (E), 10.0 wt.% MOF at 1494X (F), 20.0 wt.% MOF at 1509X (G), Al-MOF particle at 1165X (H). MOF
particles along the fracture surface are circled in red.
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Figure 10. Plausible PLA-MOF fracture modes, at the PLA-MOF interface (A) and through PLA matrix (B).

4.2 FTIR:
FTIR qualitatively measures crystallinity with respect to changes MOF concentration. FTIR
crystallinity is measured by the wavenumber location and intensity of peaks that result. For
PLLA these wavenumbers are 3000, 1210, 1180, 920, and 865 cm-1 (Figure 11). The 3000 cm-1
peak is correlated to vibration mode of the methyl (CH3) group of the PLLA asymmetrically
stretching (Figure 12). It is expected that as the composite becomes more crystalline the
stretching will increase thus increasing the intensity of the wavenumber peak. In the FTIR data
obtained, there is a decrease in peak intensity as MOF concentration increases.

Neat PLLA

0.3
0.25

0.15
0.1
0.05
2E-16

500

692

885

1078

1271

1464

1657

Wavenumber (cm-1)

1850

2043

2235

2428

2621

2814

3007

3200

3393

3586

3779

-0.05

3971

Absorbance

0.2

Figure 11. FTIR spectrum of neat PLLA.
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Around 1200 cm-1, the C-O-C bond is stretching. The peak at 1200 cm-1 splits into two peaks,
1210 and 1180 cm-1, because as the bond is stretching and the methyl group is rocking it causes
the peak intensity to increase and shift in wavenumber with increase in crystallinity. The peak
increases because as the C-O-C bond is stretched to fit a more crystalline structure the
absorbance from this bond increases since it is more linear. As the methyl group is forced into a
more crystalline structure it requires a higher frequency to cause it to move since it has less space
to rock, thus causing a shift in wavenumber. The data shows there is indeed a split of peaks at
1200 cm-1; however, there is no shift in wavenumber (Figure 13). As seen with the 3000 cm-1
peak, the 10 and 20 wt.% MOF samples have less peak intensities than the rest indicating there is
a decrease in crystallinity with an increase in MOF content.

Figure 12. Closer look at the spectrum from 2800-3100 cm-1 for all concentrations.

Figure 13. Closer look at the spectrum from 1000-1400 cm-1 for all concentrations.
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The 920 cm-1 region is an important wavenumber because this is where the α-crystals form in
PLLA. With an increase in crystallinity, there will be in increase in α-crystals suggesting a peak
formation at 920 cm-1 based on the α crystal content. Both the 920 and the 865 cm-1 directly
correlate to the C-C backbone stretching and methyl group rocking. With an increase in
crystallinity, it is expected that the backbone will stretch more, making the peak at these
respective wavenumbers sharper. The same explanation about the methyl group at 1200 cm-1 can
be applied at these lower wavenumbers. The peaks at both 920 and 865 cm-1 do not actually shift
in wavenumber – suggesting there is no change in crystallinity; however, these peaks do become
broader with the increase in MOF. This confirms the previous trends of a decrease in crystallinity
with an increase in MOF concentration (Figure 14).

Figure 14. Closer look at the spectrum from 750-1000 cm-1 for all concentrations.

4.3 DSC:
Figure 15 shows thermographs of neat PLA and composite samples containing MOF
concentrations of 0.5, 1.0, 2.0, 5.0, 10.0, and 20.0 wt.%. Table II provides calculated averages
for each MOF composite for the glass transition temperature (Tg), cold crystallization
temperature (Tc), and melt temperature (Tm). The glass transition temperature for each sample
was calculated as the peak point along a tangential best fit line of the curve; once these values
were obtained, all glass transition temperatures within each composite concentration were
averaged.
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Figure 15. DSC thermograph with all composite concentrations overlaid with glass transition temperature (A), cold
crystallization temperature (B), and temperature of melting (C).

The cold crystallization enthalpy (ΔHc) was calculated by integrating the area under the curve at
the cold crystallization temperature, assuming cold crystallization had occurred. The enthalpy of
melting (ΔHm) was calculated by integrating the area above the curve at the temperature of
melting; again, assuming melting had occurred. Percent crystallinity was then calculated by
plugging the enthalpies into Equation 1. The percent crystallinity showed a decrease in both
enthalpy of cold crystallization and the enthalpy of melting as the wt.% of MOF increased. In
MOF concentrations of 1.0 wt.% and higher there was no enthalpy of cold crystallization; in
composites 2 wt.% and above there was no enthalpy of melting. The reduction in enthalpy of
cold crystallization as MOF content increased is speculated to be consequential of MOF particles
hindering the PLA chain mobility within the matrix. Similar findings in previous studies
indicated that MOF particles, depending on particle size and sample preparation, can inhibit
chain mobility rather than promote it [20, 21]. Table II shows the percent crystallinity values that
were averaged from all samples within each respective composite concentration. The standard
deviation of the average percent crystallinity was then calculated as a means of error within the
calculations.
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Table II. Average Crystallinity of All Concentration from DSC
Al-MOF

AVG Glass

Average

Average Crystallinity

Concentration

Transition Temp.

Crystallinity

Standard Deviation

(wt.%)

(°C)

(%)

(%)

0.0

57.26

1.31

0.67

0.5

58.35

1.02

0.69

1.0

58.40

1.39

1.17

2.0

57.15

0.02

0.43

5.0

58.58

0.00

0.00

10.0

58.78

0.14

0.25

20.0

60.30

0.00

0.00

For MOF concentrations of 0.0, 0.5, and 1.0 wt.%, all means fell within each of these
concentrations' standard deviations, which indicated that there was no statistically significant
difference in percent crystallinity between these concentrations. MOF concentrations of 2.0, 5.0,
10.0, and 20.0 wt.% all shared a low average crystallinity percentage; 5.0 and 20.0 wt.% MOF
concentrations, specifically, fell outside of the lowest three MOF concentrations’ deviations.
This indicated that there was a statistically significant difference within these concentrations.

A one-way analysis of variance (ANOVA) was performed for all samples to further support the
speculation that MOF concentration affects crystallinity. The analysis gave a p value less than
0.05, thereby accepting he alternative hypothesis: the addition of varying amounts of MOF to
PLA will impact the percentage crystallinity in the matrix.

4.4 XRD:
Figure 16 shows the XRD pattern for Al-MOF, PLLA, and the composites for each
concentration. Table III displays the 2θ and intensity value for the most prominent peak of each
XRD scan. Table IV shows the crystallinity for MOF composites using equaion 2.
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Figure 16. XRD scans of PLA-Al-MOF composites with 2θ and lin-counts as the X and Y axis, respectively.
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Table III. 2θ and Intensity Values for Varying All Composite Concentrations
Al-MOF Concentration (wt. %)

2θ (°)

Intensity (Counts)

0.0

16.904

329

0.5

16.900

307

1.0

17.011

258

2.0

16.892

434

5.0

16.911

398

10.0

16.952

372

20.0

17.032

285

Table IV. Average Crystallinity for All Composite Concentrations for XRD
Al-MOF Concentration (wt. %)

Crystallinity (%)

0.0

22.32

0.5

20.02

1.0

19.02

2.0

18.18

5.0

20.71

10.0

21.47

20.0

21.34

The PLLA peak at 2θ = 16.904° corresponds to the α-PLLA crystal formation along the (200)
plane [34]. A shift in peak would be expected if MOF was affecting PLA crystallinity; however,
values of 2θ among all MOF concentrations remianed close to the PLLA 2θ value implying that
MOF concentration was not having an effect on the composite. In fact, the PLLA peak and the
composite are found to be overlapping (Figure 16). This lack of peak shift is representative of
MOF acting as a dispersive phase and not a secondary phase within the composite. Peak intensity
values can be neglected as their respective background also changes (i.e. greater peak intensity
correlates to a higher background reference). A one-way ANOVA was performed on the
crystallinities of all samples and found no statistically significant difference. This concluded that
a change in MOF concentration did not have a significant impact on the PLA’s crystallinity.
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5. Conclusions:
•

No correlation between MOF concentration and PLA crystallinity was determined

•

SEM showed poor interfacial adhesion, as well as a strong presence of trapped
chloroform within the samples

•

DSC showed decrease in crystallinity with an increase in MOF concentration

•

FTIR also showed decrease in crystallinity with an increase in MOF concentration

•

XRD showed no change in crystallinity with MOF concentration

6. Recommendations:
•

Improve dispersion method by extending ultrasonication time

•

Seek an improved method to completely evaporate chloroform by putting samples in a
furnace after solvent casting at a temperature below their Tg so their crystallization
kinetics is not affected

•

Thermally process XRD samples to mimic DSC heat cycle conditions before XRD scans
for uniform thermal history across all sample testing

•

Use polarized light microscopy as it is a direct measure of crystallinity to further confirm
a trend in PLA crystallinity with respect to MOF content
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